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(57) ABSTRACT

A method 1s proposed for anisotropic etching of micro- and
nanofeatures in silicon substrates using independently con-
trolled etching steps and polymer deposition steps which
succeed one another alternatingly, the quantity of polymer
deposited decreasing in the course of the polymer deposition
steps, thus preventing any underetching of the micro- and
nanofeatures.
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METHOD FOR ANISOTROPIC ETCHING OF
SILICON

FIELD OF THE INVENTION

The present mmvention relates to a method for anisotropic
etching of silicon.

BACKGROUND INFORMATION

It 1s known to etch defined features, for example trenches,
combs, tongues, flexural beams, or the like, anisotropically
with low to medium selectivity into silicon substrates that
are preferably utilized with the semiconductor technique.
The mdividual features to be etched 1n are usually defined by
way of etching masks applied onto the silicon substrate, via
so-called masking layers, for example a photoresist layer. In
the anisotropic etching technique it 1s necessary to arrive at
exactly laterally defined recess 1n the silicon. These recesses,
penetrating 1n the depth direction, must possess lateral
boundaries which are as accurately perpendicular as pos-
sible. The edges of the masking layers which cover those
silicon substrate regions that are not to be etched must not
be underetched, so as to maximize the lateral accuracy of the
feature transfer from the mask into the silicon. This results
in the need to have etching proceed only on the nature floor,
and not on the previously created sidewalls of the features.
It 1s proposed 1n German Patent 42 41 045 to perform the
ctching of profiles mnto silicon substrates using a method
which alternatingly provides plasma polymer deposition and
plasma etching steps. In this context, deposition and etching,
steps are performed 1n a chemical context based exclusively
on fluorine compounds; during the inherently 1sotropic etch-
ing steps, forward advancement of the sidewall polymer film
applied during the previous deposition steps already etfec-
fively passivates the freshly exposed portions of the silicon
sidewall, so that the inherently 1sotropic etching step
becomes locally highly anisotropic. This technique of local
anisotropy by way of forward advancement of a sidewall
film allows relatively wide etching steps at very high speed
without etching into the sidewall, which consequently
exhibits only minor roughness. In general, the performance
of this plasma etching, when 1t 1s done with microwave
excitation (propagation ion etching or PIE), does not create
any appreciable wall roughess. This process does, however,
create serious problems 1n a so-called inductively coupled
system with high-frequency plasma excitation (ICP=
inductively coupled plasma). With this, a pronounced recess
becomes etched into the silicon directly beneath the edge of
the photoresist mask. This recess 1s an effect of the inductive
excitation, which 1s associated with magnetic and electric
fields 1n the region of the substrate, for example a silicon
waler, and appears with greater or lesser severity on ICP
systems of various designs. Inductively coupled plasma
systems are playing an increasingly important role because
of their robustness and versatility, and are iherently well
suited for the process described above. A factor playing a
major role 1n the formation of the etching recesses 1s the fact
that the transition region between photoresist mask and
silicon represents a discontinuity in conjunction with electric
fields of the plasma source, and 1s exposed to a greater 10n
bombardment than the lower portion of the sidewall. In
addition, the mechanism of the advancing sidewall film 1s
not yet completely effective at the mask edge, and passiva-
fion of the sidewall there 1s thus weaker. This results 1n the
so-called underetching, so that the etched-in silicon features
no longer exhibit the necessary accuracy and critical dimen-
s101s.
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2
SUMMARY OF THE INVENTION

The method according to the present invention for aniso-
tropic etching 1n silicon avoids the problems of underetching
in previously conventional ICP etching processes by the fact
that the quantity of polymer deposited in the course of the
polymer deposition steps which are accomplished alternat-
ingly with the etching steps 1s initially too great, and then
oradually decreases. The shortage of sidewall polymer at the
beginning of the process 1s thus remedied by an excess of
polymer, so that the sidewall remains sufficiently passivated.
The greater 1on bombardment at the discontinuity point now
also no longer results 1n any etching of the critical region. It
1s thus an essential feature and a particular advantage of the
process that i1t operates first with an excess of polymer, and
that this excess then decreases 1n the course of the alternat-
ing polymer deposition and etching steps. The disadvantages
of an excess deposition of polymer that have occurred
hitherto include the occurrence of so-called positive-slope
proiiles, 1.e. the sidewall of the etched trench i1s no longer
perpendicular, but rather tapers with increasing etching
depth, until a pointed tip occurs. A correction made, for
example, only once to this profile by way of suitable process
parameters results once again in the recess problem at the
transitional discontinuity point. This also 1s eliminated by
the gradual reduction 1n deposited polymer 1 the course of
the polymer deposition steps. The so-called 1nitially over-
rich process with a positive profile begins with no recess
formation, so that the process transitions gradually to one
which generates perpendicular profiles with less polymer
deposition, and the greater part of the etching operation 1is
performed therewith.

Advantageous embodiments and developments of the
method.

In a particularly advantageous embodiment of the method
according to the present invention, adjustment of the poly-
mer deposition steps 1s performed continuously from one
process cycle to the next. It 1s advantageous to begin with a
so-called “rich” (1.e. high-polymer) process parameter set,
which would result 1n a positive proiile but definitely
prevents any recess formation beneath the mask edge. With
cach of the following cycles the polymer concentration 1n
the process 1s then slightly scaled back, so that this continu-
ous adjustment of various process parameters minimizes
both discontinuities in the profile transitions and the risk of
forming a recess. Advantageously, adjustment of the param-
cter set 1s accomplished over the first 20 um of etching depth
if, for example, etching 1s to occur to a depth of 100 ym 1nto
silicon.

In a further advantageous development of the method
according to the invention, present the quantity of deposited
polymer decreases 1n discrete steps. The process begins, for
example, with a long deposition time for each step, and
ctching 1s performed for a while with that parameter set; the
deposition time 1s then reduced, etching continues for a
certain period with the new parameter set, and so on until a

parameter set generating a vertical profile has been arrived
at.

Advantageously, 1t 1s possible to control the decrease 1n
polymer quantity by varying the duration of the etching
steps or the polymer deposition steps, since no internal
plasma properties change when the duration of the indi-
vidual steps 1s changed. Varying the duration of the etching
step or the polymer deposition step 1s simple, and the effects
of modification are readily apparent.

A further preferred possibility 1s to control the polymer
quantity by varying the substrate temperature, or to change
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the pressure during deposition. It 1s important to note 1n this
context that a sudden transition from a parameter set gen-
erating a positive profile to a much less positive one also
creates the risk of recess formation: when a transition 1s
made to a perpendicular profile, if it occurs suddenly, the
positive profile 1s very similar 1n shape to the profile of the

resist mask edge (or of the Si0, mask edge, if a hard-
material mask is being used), and the transition to a less-
positive profile shape once again constitutes a definite and
significant discontinuity in the sidewall, which once again
can cause problems with recess formation 1n ICP systems. It
1s therefore advantageous not to perform this adjustment 1n
very large steps, but to transition to a vertical parameter set
in several steps. It 1s advantageous 1n particular if etching 1s
first performed for a certain distance with the positive
parameter set before transitioning to a less-positive or ver-
fical one, since the sidewall already generated acts as a
polymer deposit, and the more extensive that polymer
deposit already 1s, the better the sidewall film transport
mechanism functions. In practice, for example, 1t 1s possible
to make this adjustment 1n three parameter steps each with
an etching width of 10 um, and then to continue etching with
a vertical parameter set, for example if etching 1s to proceed
to a total depth of 100 #m 1n silicon. It 1s also possible to etch
nanofeatures on the silicon, 1.e., make the adjustment 1n
parameter steps each having an etching width 1n the order of
nanometers.

In a further particularly advantageous embodiment of the
method, all the parameters are continuously adjusted. Etch-
ing begins with a rich (i.e. high-polymer) process parameter
set which would result 1n a positive profile but definitely
prevents recess formation beneath the mask edge. With each
of the following cycles, one of the influencing parameters,
for example the polymer deposition time, duration of the
ctching steps, substrate temperature, or pressure, 1s changed
accordingly. This continuous adjustment of the entire param-
cter set also minimizes both discontinuities in the profile
transitions and thus the risk of forming recesses.

In practice, the overall result of each of the advantageous
embodiments of the method according to the present inven-
fion 1s a vertical etching profile, even though the process
begins with an 1nitially positively sloped, tapering profile
and transitions gradually to a vertical etching profile. The
reason for this 1s that the positive profile portion m a
vertically etching process 1s protected only by the sidewall
polymer, and no longer by the mask, since the tapering
positive profile projects beyond the mask edge into the
trench, and the sloping sidewall 1s exposed to a more severe
ion bombardment than an already vertical sidewall. The
vertically etching process thus slowly removes the project-
ing portion of the overall profile, and this deviation from the
vertical profile shape therefore corrects itself automatically.
The only prerequisite for this 1s that after the transition to the
vertical-etching process parameter set, whether 1n discrete
steps or continuously 1n the manner described, etching is
continued for a sutficiently long time for this profile correc-
tion to occur completely. The values indicated, namely 10 to
20 um for the 1itialization steps and then approximately 80
um over which etching takes place with the vertically
ctching process, represent a rough guideline for process
design. Different etching depths greater than 100 #m can, of
course, also be achieved with this strategy.

The method according to the present invention can be
used, for example, to etch 1solated vertical silicon webs only
1 um wide by 40 um deep, with no feature loss. It 1s possible
with this technique to produce features which have an aspect
rat1io, 1.€. the ratio of depth to feature width, of 100:1 to
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200:1. The etching rate m this context reaches values of 5
um/min and more, and mask selectivity attains values of
100:1 (photoresist) or 200:1 (Si0O,) . Features of this kind
were hitherto possible to manufacture only with the LIGA
technique (synchrotron illumination in PMMA), laboriously
and at great expense.

DETAILED DESCRIPTION

In an etching chamber or 1n another suitable reaction
vessel, a correspondingly prepared silicon substrate—i.e. a
silicon substrate coated with an etching mask made, for
example, of photoresist, the etching mask leaving exposed
the region of the silicon substrate which i1s to be anisotro-
pically etched into—is exposed to a first polymer deposition
step 1n order to apply a polymer deposit onto the mask edges.
There then follows a first etching step, which immediately
“feeds” on the applied polymer deposit and thus etches
almost purely anisotropically. It 1s essential for the method
according to the present invention that the first step be a
polymer deposition step, so that the sidewall protection
mechanism functions during the subsequent etching step.
Further polymer deposition and etching steps are then
accomplished alternatingly. The method according to the
present mvention can of course also be performed with an
analogous apparatus that accomplishes the individual pro-
cess steps. A mixture of, for example, SF. and Ar, which
exhibits a gas flow of between 0 and 200 standard cu3 /min
and a process pressure of between 10 and 100 ubar, 1s used
in this method. Plasma generation 1s accomplished in this
connection preferably with microwave irradiation at power
levels between 300 and 1200 W (2.45 GHz), or by high-
frequency 1rradiation at power levels of 500 to 2000 W, 1n
an ICP source which 1s especially preferred for the method
according to the present invention. At the same time, a
substrate bias voltage 1s applied to the substrate electrode to
accelerate the 1ons. The substrate bias voltage 1s preferably
between 35 and 70 V, and can be achieved with a high-

frequency feed (13.56 megahertz) at power levels between
2 and 10 W,

The first polymer deposition step, and of course also those
which cyclically follow 1t, 1s performed with a mixture of,
for example, CHF, (trifluoromethane) and Ar.
Advantageously, however, 1t 1s also possible to use other
fluorine-containing gases instead of trifluoromethane, for
example octafluorocyclobutane (Freon C 318), hexafluoro-
propene (HFP, Hoechst) or its dimers, or tetrafluoroethene
(TFE). It 1s also possible to perform the process without
argon. The mixture possesses a gas flow of preferably O to
200 standard cm”/min and a process pressure of between 10
and 100 ubar. In a preferred embodiment of the method
according to the present invention, octafluorocyclobutane or
hexafluoropropene 1s used, since these compounds exhibit
particularly good polymerization properties under ICP exci-
tation. During the polymer deposition step, the exposed
surfaces, 1.. the etching floor and the side surfaces, are
covered very uniformly with a polymer. This polymer layer
on the edges and surfaces of the etching mask forms a highly
cfiective temporary etch protectant. The polymer layer
applied onto the etching floor during the polymerization step
1s rapidly broken through during the subsequent etching
step, since the polymer 1s very quickly removed with 1on
assistance, and the chemical conversion of the reactive
plasma species with the silicon on the etching floor can
proceed. The sidewalls of the features being etched remain
protected during the etching step by the sidewall polymer
applied during the previous polymer deposition step or
steps.
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During the first etching step which then follows, chemi-
cally reactive species and electrically charged particles are
cgenerated 1n the mixture of SF . and Ar 1n the reactor with the
aid of an electrical discharge. The positively charged cations
generated 1n this fashion are accelerated toward the silicon
substrate by the electrical bias voltage applied to the sub-
strate electrode, and are 1incident approximately perpendicu-
larly onto the substrate surface left exposed by the etching
mask and promote chemical reaction of the reactive plasma
species with the silicon. They also ensure polymer film
transport 1n the depth direction of the etched trench; this is
the consequence 1n particular of that portion of the 1ons
which 1s not mncident absolutely perpendicularly, and strikes
the sidewalls. The etching step can be performed until the
desired etching depth has been attained. This i1s then fol-
lowed by another polymer deposition step, although this
fime less polymer 1s deposited than the first time. The
ctching steps and polymerization steps are repeated
alternatingly, with appropriate adjustments 1n the process
parameters, enough times for the quanfity of deposited
polymer gradually to decrease. These process parameters
comprise the physical quantities listed below:

1. Elevation 1 ICP power level, for example to >1000 W,
with simultaneous increase 1n the flow of passivation gas,
for example C,Fg, C5F, (C5F(),, CHF;, to, for example,
>200 scem (scem=standard em®/min=cm>/min at 1 bar),
which results mn enhanced polymer deposition.

2. Increase 1n the duration of deposition steps, which also
results in enhanced polymer deposition.

3. Decrease 1n the duration of the etching steps, which

cifectively increases passivation of the sidewalls.

4. Reduction 1in wafer temperature, which also increases
polymer deposition.

5. Performing the deposition steps in the pressure region
most favorable for polymer deposition 1in ICP systems, 1.¢.
around 10 ubar; and

6. Elevating the pressure during the etching steps to 20 to 30
ubar 1n order to increase the etching radical concentration
but decrease the concentration of 1ons which remove the
polymer.

What 1s claimed 1s:

1. A method for anisotropically etching microfeatures and
nanofeatures, comprising the steps of:
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depositing a quantity of a polymer on a silicon substrate;

ctching the microfeatures and the nanofeatures on the
silicon substrate; and

independently controlling and repeating the etching step
and the polymer deposition step 1n an alternating fash-
101;

wherein the quantity of the polymer deposited during the
polymer deposition step 1s decreased 1n a controlled
manner with the repetition of the polymer deposition
step.
2. The method according to claim 1, wherein the polymer
deposition step 1s a first step 1n the method.
3. The method according to claim 1, wherein the polymer
quantity 1s decreased continuously.
4. The method according to claim 1, wherein the polymer
quantity 1s decreased 1n discrete steps.
5. The method according to claim 1, further comprising
the step of:

controlling a decrease of the polymer quantity by varying,
a polymer deposition time.
6. The method according to claim 1, further comprising
the step of:

controlling a decrease of the polymer quantity by varying,
a time duration of the etching step.
7. The method according to claim 1, further comprising,
the step of:

controlling a decrease of the polymer quantity by varying,
a temperature of the silicon substrate.

8. The method according to claim 1, further comprising,
the step of:

controlling a decrease of the polymer quantity by varying,
a pressure.
9. The method according to claim 1, further comprising
the step of:

controlling a decrease of the polymer quantity by at least
one of a polymer deposition time, a time duration of the
ctching step, a temperature variation of the silicon
substrate and a pressure variation.
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